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ABSTRACT 

A d i g i t a l  computer code was developed which can be u t i l i z e d  t o  conduct 
s t eady- s t a t e  performance analyses  of t h e  SNAP-8 system. 
are obtained by so lv ing  a se t  of non- l inear ,  simultaneous equat ions.  System 
s t a t e -po in t  condi t ions  can be determined f o r  design and off-design operat ion of 
t h e  SNAP-8 system and modif icat ions thereof  by providing appropr ia te  input da t a ,  

The b a s i c  computer code was w r i t t e n  i n  a gene ra l  manner to accomplish t h e  
ob jec t ives  o f :  

a .  Allowing f o r  modif icat ions i n  performance of i nd iv idua l  system 

b .  Having t h e  c a p a b i l i t y  of so lv ing  a s e t  of equat ions f o r  var ious 

Solut ions t o  problems 

components. 

combinations of v a r i a b l e s .  

e .  Being e a s i l y  modified t o  include a d d i t i o n a l  equations o r  system a n d  

The mathematical approach f o r  so lv ing  t h e  s e t  of non-l inear  equat ions i s  

component information. 

descr ibed and a sec t ion  on prepara t ion  of input da t a  and t h e  type of output 
da t a  a v a i l a b l e  i s  a l s o  presented.  

c o e f f i c i e n t s  i s  presented ,  The ca l cu la t ion  of inf luence c o e f f i c i e n t s  i s  a n  
option which can be s p e c i f i e d  w i t h  input d a t a .  

A desc r ip t ion  of t h e  development of t h e  procedure f o r  ob ta in ing  inf luence 
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TO: R. G. Geimer (12) 

FROM: A. B .  Burgess 

cc: S .  Nakazato 
H. Snyder 
D. Yee 

SUBJEXT: SCAN, A COMPUTER CODE FOR SNAP-8 SYSTEM ANALYSIS 
INFLUENCE COEFFICIENT CALCULATION OPTION 

I. INTRODUCTION 

A previous memo") was updated to include: 

1) 
2) A description of the influence coefficient calculation option 

3)  Recent revisions in equations and coefficients 

A digital computer code was written to calculate steady state system 

A more detailed exposition of  the iterative method employed 

. I  

operating conditions for the SNAP-8 Rankine Cycle. The computer code was 

written in a general manner to accomplish the objectives of: 

1) Allowing for modifications in the performance of individual 

system components. 

2) Having the capability of solving the set of equations for various 
combinations of the variables. 

3) Being easily modified to include additional equations or 

information. 

(2) Component performance data were obtained from TM 4922~65- 1-323 
and supplementary information provided by R. G. Geimer. These data were 

put i n  functional form by the method t3f least squares using the computer 

codes AGMLR and POLYFIT. 

(1) Burgess, A. Be, "General CompQter Code for SNAP-8 System 

EAD-328, 27 Decembdr 1965 

(2) Geimer, R. G., "Analysis of a SNAP-8 EGS Based on Unmodified-P 

Component Performance", TM 4922:65-1-323, 3 September 1965 
- 1- 
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11. COMPUTATIONAL METHOD 

A set of 54 functional equations in 69 variables was written to 

describe the steady state system performance. When 15 independent variables 

are specified, the set can be solved when the functions are "well-behaved' 

(i.e., continuous and single-valued). 

The resulting set is generally non-linear necessitating an iterarive 
solution. 

iterative scheme. The modification includes a calculation of the vector 

norm which furnishes a sufficient condition for convergence of the method 
and eliminates potential difficulties with divergence. 

A variation of the Newton-Rapheson method was chosen for the 

The Newton method can be most easily understood by considering the 

determination - -  of the root (or zero value) of a function in one variable, f(x). 

Expanding the function in a Taylor series about the point Xo, 

If we retain only linear terms: 

\ x =  x, 
- 2- 
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or 

Geometrically, the Newton method in one-variable estimates the zero of the 

function based on an extension of the tangent line. Continued iteration 

on X gives for the Kth iterate: 

The root, Xr, is related to the value of X at each iteration by an error 
term, E? , or: 

Convergence occurs when the value of the function approaches zero 

as K increases. As convergence is approached: 

C \ < -  i )  + e  {k - j )  x - x / L = x  

The one-dimensional Newton algorithm is then: 

- 3- 
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where 

The Newton method can be extended t o  M funct ions i n  N va r i ab le s  

(where M <  N ) .  

expans ion, we have : 

Retaining only the  l i n e a r  term i n  the Taylor series 

Representing the e n t i r e  set 

) +  

compac t l y  

N 
3 F; 

$ = I  

as vec to r s ,  

where the  bracketed term is  an MXN matr ix  of p a r t i a l s .  The matr ix  can be 

augmented t o  g ive  a square NXN matrix.  This i s  accomplished by wri t ing t h e  

funct ions F i  , i = M + 1 -> N as: 

where the  %Is,  K = 1 t o  N-M, are the values of each of the f ixed independ,J:; 

v a r i a b l e s .  The p a r t i a l  n a t r i x  i s  then augmented by i n s e r t i n g  a s i n g l e  

value of one i n  the  Xi 

The res t  of the e n t r i e s  i n  each of t hese  rows are zeros.  

t h  column, f o r  each of t he  rows M + 1 through N .  

No simple geometrical  s i g n i f i c a n c e  can be a t t r i b u t e d  t o  the  N- 

dimensional Newton method. 
2% t h  Continued i t e r a t i o n  on t h e  x vector  gives f o r  the K i t e r a t c :  

- 4- 
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2 
The s o l u t i o n  vec tor  x (i.e., t he  values  of x j = 1;>--->N which 

s a t i s f y  t h e  given equat ions)  a r e  r e l a t e d  by an e r r o r  vec tor  t o  the valu.2 
A 

of the  x - vec to r  a t  each i t e r a t i o n .  Thus: 

r j' A 

Convergence occurs when the  value of each of the  func t ions  F ( k) 
i 

approaches zero as k increases .  As convergence is approached: 

=( K> > o  
The N-dimensional Newton algori thm is then: 

o r  

2 
The E (k-l )  

taneous, a l g e b r a i c  equat ions represented i n  mat r ix  form as: 

vector  may be determined by so lv ing  the  s e t  of l i n e a r ,  sinul- 

- 5- 
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2 

A non-singular s o l u t i o n  f o r  the e (k-l' vec to r  i s  obtained i f  the 

determinant of i s  not  zero.  

The procedure followed w a s  t o  guess the i n i t i a l  s o l u t i o n  vector  

( i .e. ,  the ze ro th  i t e r a t e )  and then t o  eva lua te  a l l  the func t iona l s ,  Fils 

and the p a r t i a l  d e r i v a t i v e s ,  2F'; . The f i r s t  i t e r a t e d  s o l u t i o n  vector  .- 

3 X d  2 
is  found by solving the  r e s u l t i n g  set  f o r  t he  

adding t h i s  vector  to the  ~(01) vector .  

&('' vector  and then 

-- x ir;, + e Co) .a 
)( ( 1 )  =- 

The procedure is repeated u n t i l  the des i r ed  convergence is achieved. 

A s u f f i c i e n t  condi t ion f o r  convergence is  t h a t  the "norm" of the 

func t iona l  vec to r ,  f ,  con t inua l ly  decreases  as t h e  i t e r a t i o n  proceeds. 

The s u f f i c i e n t  condi t ion can be w r i t t e n  as: 

where t h e  norm of the vector  f is defined f o r  convenience as: 

c= i 

The matr ix  of p a r t i a l s  w a s  evaluated p r i o r  t o  each i t e r a t i o n  by a 

nume r ica 1 p roc edu r e : 

where 
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The Newton method i s  r e s t r i c t e d  to  well-behaved (i .e. ,  continuous and 

s i n g l e  valued) funct ions which are typical. of those encountered i n  engineering 

problems. The number of  i t e r a t i o n s  required :o reach convergence i s  

dependent on t h e  i n i t i a l  guess,  i . e . ,  the vector  x ( O )  ; but the convcrger,ce 

is quadra t i c  for small values of e . 
R. Glauz of AGC-Sacramento, d i scusses  the  Newton method i n  g r e a t  d e t a i l .  

"Kodem Numerical Analysis" by 

- 7- 
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111. PREPARATION OF INPUT DATA 

The f i r s t  card i s  a t i t l e  card conta in ing  alphanumeric symbols i n  

columns #2 through 72. Column #l of the  t i t l e  card  of t he  f i r s t  problem 

i n  a sequence of problems must be l e f t  blank. I f  i t  i s  des i r ed  t o  r c n  a 

series of problems (ice., stacked problems) based on the  same performance 

c o e f f i c i e n t s ,  an  "K" ( f o r  r epea t )  is  punched i n  column 81 of t h e  second. 

and a l l  subsequent t i t l e  cards .  

The next  cards  ( see  Figure 4 f o r  sample input  s h e e t s )  read i n  the  

performance c o e f f i c i e n t s .  The cu r ren t  format r equ i r e s  seventeen cards  

t o  read i n  a l l  of the  performance c o e f f i c i e n t s .  These cards  are followed 

by t he  c o n t r o l  card conta in ing  the  parameters: 

WAR - t he  number of v a r i a b l e s ,  N 

NFNS - t h e  number of f u c t i o n a l s ,  M 
KMAX - t he  maximum number of i t e r a t i o n s  allowed 

ER - the  maximum r e s i d u a l  of any func t iona l  ( i . e . ,  t he  
-3  convergence c r i t e r i o n )  ER = 10 should be s u f f i c i e n t  

APRNT - an opt ion  parameter: i f  APRNT > 0 the f i n a l  va lues ,  

corresponding t o  the  converged X-vector, of the  inf luence  

c o e f f i c i e n t s  a r e  pr in ted  out .  Only the non-zero 

inf luence  c o e f f i c i e n t s  and t h e i r  i d e n t i f i c a t i o n  

numbers a r e  p r in t ed .  

The c o n t r o l  card i s  followed by an i n i t i a l  guess on each of the 

v a r i a b l e s .  These a r e  punched e i g h t  t o  a card and so r equ i r e  n ine  cards  

f o r  t h e  case  of 69 t o t a l  va r i ab le s .  

The las t  card c o n s i s t s  of the i d e n t i f i c a t i o n  number of the  f ixed  

independent v a r i a b l e s  arranged i n  ascending numerical order  (e .g . ,  3 ,  4 ,  5 ,  

6 ,  25, e tc . ) .  T b  number of these  f ixed  v a r i a b l e s  should be NVAR-NFNS. 

- 8- 
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The input  format i s  : 

Card 

T i t l e  

Performance of c o e f f i c i e n t s  

Control  

I n i t i a l  guess 

Fixed independent v a r i a b l e s  

- Format No. of Cards 

12A6 1 

8F9 .O 17 
3 3 ,  LF9,O 1 

SF9 .o 9 

16 13 1 - 
29 To ta l  

When running stacked problems, the performance c o e f f i c i e n t s  are  

read i n  only with the  f i r s t  problem. Subsequen?: problems then c o n s i s t  

of :  a t i t l e  c a r d ,  t h e  c o n t r o l  ca rd ,  i n i t i a i  guess on a l l  the v a r i a b l e s ,  

and the  i d e n t i f i c a t i o n  numbers of t he  f ixed v a r i a b l e s .  

- 9- 
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IV. COMPUTER OUTHJT 

The output  from each problem c o n s i s t s  of :  

1) 
2) P r i n t  ou t  of t he  inpu t  q u a n t i t i e s  (performance c o e f f i c i c n t s ,  

c o n t r o l  parameters,  i n i t i a l  guesses,  and i d e n t i f i c a t i o n  

numbers of f ixed  independent v a r i a b l e s )  

The information on the  t i t l e  card 

3) The va lues  of the non-zero inf luence  c o e f f i c i e n t s  and t h e i r  

i d e n t i f i c a t i o n  numbers ( i f  APKNT > 0 on the c o n t r o l  card)  

A diagram of  the  system wi th  values  of temperatures,  p re s su res ,  

flow r a t e s ,  heat  t r ans fe r  rates and output  power included 

The va lues  of a number of ca l cu la t ed  q u a n t i t i e s ,  e.g. , kXA, 
cyc le  e f f i c i e n c y ,  tu rb ine  e f f i c i e n c y ,  e t c .  

The f i n a l  va lues  of t h e  va r i ab le s .  These columns of X ' s  are 

headed by t h e  l a s t  values  of the: 

4 )  

5 )  

6 )  

i t e r a t i o n  number, K 

t he  norm, TNRM 

the  maximum r e s i d u a l  of any of t he  func t iona l s ,  RFMAX 

7) The va lues  of the  norm a f t e r  each i t e r a t i o n  t o  show the  

r a t e  of convergence of the  problem, 

There a r e  four  poss ib le  e r r o r  messages. These a re :  

1) The r epea t  opt ion on the  t i t l e  card i s  i n c o r r e c t l y  s p e c i f i e d .  

The message i s  "repeat opt ion on t i t l e  card i n c o r r e c t l y  

spec i f  ied" . 
The number of i t e r a t i o n s  exceed KMAX without Convergence being 

a t t a i n e d .  The message i s  " i t e r a t i o n s  loop exceeds KEltlX". 

3) The number of  consecut ive inner  loop i t e r a t i o n s  ( i d e . ,  halvii:g 

2) 

of the  ti's t o  in su re  a s u f f i c i e n t  condi t ion  f o r  convergence) 

exceeds f i v e .  The message i s  "halving loop exceeds 5". 

The mat r ix  of p a r t i a l s  used by the  SOD4 subrout ine t o  

c a l c u l a t e  t he  va lues  of t he  e ' s  or  t o  c a l c u l a t e  t he  i 
inf luence  c o e f f i c i e n t s  i s  singul.ar ( i . e e ,  one of the  rows or  

columns of t he  mat r ix  conta ins  only zero  e n t r i e s  and a so lu t io i ;  

is n o t  ob ta inable) .  

i n  solve." 

4 )  

The message i s  "equation set s ingu la r  

-. 10- 
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V. DETAILS OF THE COMPUTER CODE 

The computer code package c o n s i s t s  of t he  main program (SCAN) 
and four  subrout ines  (RFSUB, PARTL, RFNORM, and S O L F 4 ) .  

The following sequence (as  shown i n  the  flow c h a r t  of Figure  3)  

i s  followed i n  t h e  computer program: 

Read i n  a d  w r i t e  ou t  t he  input  d a t a .  

I n i t i a l i z e  t h e  a r r a y s  t o  zero.  

Using the  i n i t i a l  x vec to r  c a l c u l a t e  t he  - f .  I s ,  t h e i r  norm, 

and the  maximum r e s i d u a l  of any f . (The RF(I)'s, TNRM, and 

3 

1 

i 
-1 

Test for convergence i f  converged go t o  s t e p  (10) i f  no t  

converged go t o  s t e p  (5). ( T e s t  WMAX v s  ER) 

Calcu la te  t he  mat r ix  of p a r t i a l s .  (The A ( I ,  J)'s) 

Solve f o r  the  E I s ,  (The EPS(1)'s) 

Reset t he  mat r ix  of p a r t i a l s  and the  f vec tor  t o  zero .  

Calcu la te  a new t r i a l  so lu t ion  vec tor  x. 

2% 
j 

4 

(The TX(1)'s) 

Ca lcu la t e  t he  new - f . ' s ,  a new t r i a l  norm and t h e  maximum 

r e s i d u a l  of any f I f  t h e  new t r i a l  norm i s  less than th.e o ld  

norm, the  t r i a l  s o l u t i o n  vec tor  i s  accepted and the  outer  

i t e r a t i o n  loop repeated by r e tu rn ing  t o  s t e p  ( 4 ) .  

1 

i' 

I f  t he  new t r i a l  norm is  g r e a t e r  than the  old norm, the  6 ' s  

a r e  halved and the  inner  i t e r a t i o n  loop repeated by r e tu rn ing  

t o  s t e p  (8). 

Test  t h e  inf luence  c o e f f i c i e n t  opt ion (APRNT). I f  t he  inf1~uenc.c. 

c o e f f i c i e n t s  a r e  no t  requi red ,  a s e r i e s  of non- i t e r a t ive  

c a l c u l a t i o n s  a r e  completed, a system map i s  pr in ted  o u t ,  and 

the  va lues  of t he  converged X ' s  p r in ted .  

c o e f f i c i e n t s  a r e  r equ i r ed ,  t he  p a r t i a l  d e r i v a t i v e s  a r e  

ca l cu la t ed  using the  converged X-vector and a series of set:; 

simultaneous equat ions a r e  solved t o  give the  inf luence  c o e f f i c i -  

en t s .  

t he  converged X ' 8  

j 

I f  t he  inf luence  

These are pr in ted  p r i o r  t o  p r i n t i n g  the  system map and 

-11- 
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A d e s c r i p t i o n  of each of t he  subrout ines  follows: 

1) W S U B  This r o u t i n e  l i s ts  the  func t iona l  equat ions of the  

s e t  t o  be solved (a t o t a l  of NFNS equat ions) ,  

t h i s  r o u t i n e  when ca l l ed  by the  main program a r e  equal  t o  t h e  nega t ive  of 

each func t iona l ,  i . e .y  - f i ,  and can be used d i r e c t l y  as the  right hand s i d e  

of t h e  matr ix .  The RFSUB r o u t i n e  is a l s o  used i n  t h e  numerical 

c a l c u l a t i o n  of t h e  p a r t i a l s  and is  c a l l e d  by the  subrout ine PARTL. When 

used i n  t h e  PARTL r o u t i n e ,  the  parameter OPTION i n  t h e  RFSUB c a l l  l i s t  i s  

set equal  t o  2, and the  quan t i ty  IROW i n  t he  c a l l  l ist  equals  t h e  number 

of the func t iona l  whose pa r t i a l  i s  be ing  evaluated,  I n  t h i s  c a s e ,  t he  RFSUB 

r o u t i n e  c a l c u l a t e s  t he  quan t i ty  TERM which is: 

The q u a n t i t i e s  W(1) i n  

I n  t h e  main program the  parameter OPTION i n  the R F W B  c a l l  lisi: 

.... x ) i s  (xl,x 2,....x i s  s e t  equal  t o  1.0 and the quan t i ty  RF(1) = fi (K) 
j n 

ca l cu la t ed  f o r  I equal  1 t o  n. 

2) RFNORM - This simple rou t ine  sums tk absolu te  va lues  of the 

RF(I)'s and c a l c u l a t e s  t he  absolu te  value of the l a r g e s t  RF(1). 
q u a n t i t i e s ,  output  as TNRM and RFMAX, r e s p e c t i v e l y ,  a r e  used i n  the  "norm" 

and convergence testso 

These 

3) PARTL - This rou t ine  numerically eva lua tes  the  mat r ix  

of p a r t i a l s  du r ing  each i t e r a t i o n ,  'Ihe data  key used i n  t h i s  rou t ine  

corresponds t o  t'k va r i ab le s  present  i n  the  func t iona l  equat ions.  The 

q-uantity KEY (KLy 5)  i d e n t i f i e s  t he  non-zero p a r t i a l s  by sequen t i a l ly  

l i s t i n g  t h e  number of each func t ion  a s  K1 and the  i d e n t i f i c a t i o n  number of 

each v a r i a b l e  appearing i n  t h a t  func t ion  a s  K2. 
WNS, t he  number of func t iona ls .  

of v a r i a b l e s  appearing i n  any func t iona l  (14 f o r  t h i s  s e t  of equat ions) .  

When the  number of v a r i a b l e s  i n  a func t iona l  i s  less than the  maximum, 

t h e  appropr i a t e  number of zeros must be in se r t ed .  

The dimension of K is 1 
?he dimension of K2 is  t h e  maximum numbK$: 

-3.2 - 
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The mat r ik  of p a r t i a l s ,  A (I, J) ,  is i n i t i a l l y  s e t  equal  t o  zero .  

When t h e  PARTL r o u t i n e  is  c a l l e d ,  the  d a t a  key i s  scanned u n t i l  a va lue  

of KEY (I, J)&greater than zero  is reached. 

t he  va lue  of KEY (i.e.,  t he  i d e n t i f i c a t i o n  number of t he  v a r i a b l e )  and 

the  v a r i a b l e  X ( J )  i s  set a s i d e  and s to red  as the  quan t i ty  XSAVE. 

v a r i a b l e  X(J) is then incremented by DX, where DX i s  one ten-thousandths 

bf X(J). ?he =SUB rou t ine  i s  used t o  i n i t i a t e  t h e  n m r i c a l  eva lua t ion  of 

t he  p a r t i a i r  $he partial i s  then 

The index J is set equal  t o  

The 

Fol: each of t he  bottom rows of the mat r ix ,  i . e . ,  rows (WAR-NFNS -t- 1) 

t o  WAR, it $6 necessary t o  i n s e r t  a va lue  of one i n  t h e  column correspond- 

ing  t o  the  i d e d t i f i c a t i o n  number of t h a t  p a r t i c u l a r  v a r i a b l e  read i n  as 

a f ixed  ntimberc d e s e  v a r i a b l e s  a r e  the  input  q u a n t i t i e s  COL(1). 

i s  then uded i n  P h T L  t o  i d e n t i f y  the  appropr ia te  column number. 

i n  t he  lower part: bf t he  matr ix  w i l l  conta in  zeros  except f o r  a s i n g l e  

va lue  oO: one a 

COL(1) 

Each rotil 
I/ 

4 )  SOW4 - This rou t ine  so lves  a set of l i n e a r ,  simultaneous 

a lgeb ra i c  e q m t i o n s  by the method of Gaussian e l imina t ion .  Normalization 

and p i v o t a l  Condensation are used t o  minimize round-off e r r o r .  

i s  used t o  Sdlve the  i t e r a t i v e  co r rec t ion  v e c t o r ,  EPS(I), using the  mat r ix  

of p a r t i a h  A(1,J) and the  negat ive of the  func t iona l s ,  RF(1). 

i s  a l s o  used t o  so ive  f o r  the  inf luence  c o e f f i c i e n t s ,  CF(I,N2) where the  

N2's refer t o  the  i d e n t i f i c a t i o n  numbers of the  f ixed  independent v a r i a b l e s ,  

The rou t ine  

The r o u t i n e  

A t  each s t a g e  of t he  e l imina t ion ,  each row i s  divided by i t s  

c o e f f i c i e n t  of l a r g e s t  absolu te  va lue .  The equat ion having the  l a r g e s t  

c o e f f i c i e n t  i n  the  last  column (i .e. ,  J =: Nth column) i s  then placed a t  

the  bottom of the set. A l l  o the r  equat ions a r e  combined wi th  i t  t o  

e l imina te  the  c o e f f i c i e n t s  of t h e  l as t  v a r i a b l e ,  e 

N - l  equat ions i n  the  remaining v a r i a b l e s .  The process i s  repeated u n t i l  

a t r i a n g u l a r  b e t  i s  formed and the back s o l u t i o n  i s  then performed t o  

c a l c u l a t e  edch af  t he  e i ' s .  

forming a s e t  of N 

"he quan t i ty  ERR was included i n  the  SOW4 c a l l  l i s t  t o  i n d i c a t e  a 

s ingu la r  matrix. 
s o h  t ion  terminated 

I n  t h i s  event an e r r o r  message is  w r i t t e n  and the  i terat i . . -<:  

- 13- 
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V I .  DEVELOPMENT OF PROCEDURE FOR CALCULATING INFLUENCE COEFFICIENTS 

Assume t h a t  N expressions f o r  t h e  N func t iona l s ,  F i ' s  ,are 

a v a i l a b l e  where: 

and X ,j = 1 4 N a r e  t h e  dependent v a r i a b l e s  

'n + k 
j 
k = 1--> M are the  f ixed  independent va r i ab le s .  

( I n  the  FORTRAN terminology M = NXTRA,N = NFNS, and M + N = NVAR). 

The problem t o  be solved is the  c a l c u l a t i o n  of the  inf luence c o e f f i c i e n t s ,  

. The t o t a l  number of in f luence  c o e f f i c i e n t s  w i l l  be N x M ,  ax 
...j 
a% + K 

but many of these are zeros .  

M = 15; so  there  are 810 poss ib le  c o e f f i c i e n t s  descr ib ing  the  system. 

For the  SNAP-8 system equat ions,  N = 54 and 

Applying the  d e f i n i t i o n  of t he  t o t a l  d e r i v a t i v e ,  we can w r i t e :  

i '= 1 - 5  A' 
2 3-K J x  1 0  

A/ -c k 
$ " /  I<= I +rc 73 

af, M or  i n  ma t r ix  form: 

Applying Cramer's r u l e  gives  a t h e o r e t i c a l  s o l u t i o n  f o r  the  srt  of 

d x . ' s ,  i f  t he  determinant of t h e  p a r t i a l  mat r ix  i s  not  zero.  If  we l e t :  
J 

aF i'-i 
D = d e t  

J 

DK = d e t  [izi] - with  the j t h  column replaced by the 
(Y 3 f L  j 

column -- 
) < = I  3 X I J f k  

Equating the  dX. 's  gives:  

j =  1 - N  
J 

DK ax 
% t K  

=: - -  
D K = l + M  

- 14- 
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The eva lua t ion  of a l l  the  required determanant makes the 
Cramer ' s  r u l e  method too lengthy t o  be p r a c t i c a l  ., 

An a l t e r n a t e  procedure is based on inve r t ing  t h e  pa r t i a l  ihatrix. 

L e t  A = p a r t i a l  matrix wi th  elements a i , j  
-1 

V = A with elements vi, j 

Or w r i t t e n  ou t  a s  a mat r ix  mul t ip l i ca t ion :  

This procedure was coded using a matr ix  invers ion  subrout ine 

from the  Azusa program l i b r a r y  (Job f 3 1 2  by J. Schweiter)  based on the  

method of rank a n n i h i l a t i o n .  Correct  va lues  f o r  in f luence  c o e f f i c i e n t s  

were obtained f o r  a small  sample system, b u t  f o r  the  l a rge r  system of 

equat ions desc r ib ing  SNAP-8 unreasonable answers were obtained. The poor 

answers probably r e su l t ed  from accumulated inaccurac ies  i n  the  inversion rQdi . . e  

An a l t e r n a t e  approach was coded i n  which the  inf luence  c o e f f i c i e n t s  

were obtained by so lv ing  a l i n e a r  s e t  of N equat ions M t i m e s  

D i f f e r e n t i a t i n g  the  func t iona l s  wi th  r e spec t  t o  each of the f ixed  independen; 



W - 3 4 0  

When the  c o n t r o l  card parameter, APRNT, i s  s e t  equal t o  a posi t ive 

quan t i ty  i n  the  input  d a t a ,  t he  inf luence  c o e f f i c i e n t s  a r e  ca l cu la t ed  

upon convergence of t he  Newton i t e r a t i v e  method. The so lu t ion  vec tor  

( t h e  X.'s) is  used by the  PARTL subrout ine  t o  c a l c u l a t e  a l l  t he  
J 

ax \ (  

IS. The SOLF4 subrout ine i s  then used M times wi th  each of the  M 
aFi - 

aF : j L column vec to r s  - - s u b s t i t u t e d  i n  the r i g h t  s i d e  and solved f o r  t he  
ax, aXNtK 

1 I s .  Each of t he  non-zero inf luence  c o e f f i c i e n t s  is p r in t ed  out  
axN+K 
with i t s  row and column i d e n t i f i c a t i o n .  

-16 - 
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VII, DEVELOPMENT OF EQUATIONS FOR SYSTEM ANALYSIS 

The discussion of the equation development is divided into four 

general categories: 

A. Pump Motor Assemblies (PMA's) and Loop Pressure Drops 

For the primary, mercury, heat rejection and lube coolant 

loops, pump performance curves were fit to the least squares Criterion as 

a function of one variable using the AGMLR code. The performance curves 

were taken from R. Geimer's compilation(2) and expressed in the following 

units: 

Q = volumetric flow in gpm 
W = mass flow in lb/hr 

AH = head in ft 

q = PMA input power in Kw 
PF = power factor, n,d. 

For the primary loop (indicated by the symbol and subscript N) we have: 

(1) QN = WN/N1 (N1 = 367, p. 10, Ref. 2) 

2 (2) Al-$ = N2 + N3QN - N4QN (Fig. A-7, Ref. 2) 

The signs of the performance coefficients (the N ' s )  were chosen so that 

they may be input as positive quantities and the sign ignored. 

where Nll, N12, and NI3 express piping pressure loss coefficients between 

the points H to A, C to D, and F to G respectively on Figure , Ni4, N15, 
and C represent pressure loss coefficients across the reactor, boiler, and 

trim orifice respectively. 
N 

N16 is the pump pressure rise coefficieht 

- 17- 
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(Ref. 2,  p.10). Similar  expressions were obtained f o r  t he  mercary loop 

( subsc r ip t  H) as: 

( 6 )  QH = WH/H1 (H1 = 6480, p. 11, Ref. 2) 

2 ( 7 )  A% = H2-r3%-H4QH (Fig. A-10, Ref. 2) 

2 (8) qH = Hs+H6QH + H7QH (Fig.  A-10, Ref. 2) 

2 
'HT + H18ATP 

(, (11750)2 

(10) H16AHH = Hll + CH 

H13 

I n  equation (10) the  H c o e f f i c i e n t s  represent :  

H1 1 

H12 

H13 

H14 

Hl 5 

H16 

H18 

cH 

pipe p re s su re  l o s s  c o e f f i c i e n t  from b o i l e r  t o  tu rb ine ,  p s i  

b o i l e r  p re s su re  loss  c o e f f i c i e n t ,  p s i  

t u rb ine  nozzle constant  (p.  7 ,  Ref. 2 ) ,  lb/hr-  R2/psi  

pipe p re s su re  l o s s  from t u r b i n e  t o  condenser, p s i  

condenser pressure l o s s ,  p s i  

pump p res su re  rise c o e f f i c i e n t ,  p s i / f t  head 

enlpirical  b o i l e r  pressure l o s s  c o e f f i c i e n t ,  p s i /  F 

t r i m  o r i f i c e  pressure l o s s  c o e f f i c i e n t ,  p s i  

0 5  

0 

The o t h e r  q u a n t i t i e s  i n  Equation (10) are: 

0 t u rb ine  i n l e t  temperature, F T4 
F l i q u i d  carryover f r a c t i o n ,  n.d. 

t o t a l  mercury flow rate (vapor p lus  l i q u i d ) ,  l b / h r  

b o i l e r  pinch po in t  temperature d i f f e r e n c e  = T -T 
'HT 

(Fig.1) 'F ATP B 2  
P5 t u rb ine  exhaust pressure,  p s i a  

- 18- 
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Similar  expressions fo r  the  heat  r e j e c t i o n  loop (subscr ip t  R) are: 

(11) QR = WR/C1 (C1 = 407, p. 11, Ref. 2)  

(Fig.  A-9 , Ref. 2 ) 
2 

(12) AHR = Cp + C3QR-CqQR 

The C c o e f f i c i e n t s  i n  equat ion (15) represent :  

1 

c12 

‘13 

C 
$4. 

‘15 

‘16 

cR 

NT 

condenser pressure  loss  c o e f f i c i e n t ,  p s i  

pipe pressure  loss  c o e f f i c i e n t  condenser t o  r a d i a t o r ,  p s i  

pipe pressure  lo s s  c o e f f i c i e n t  r a d i a t o r  t o  t r i m  o r i f i c e ,  p s i  

pipe pressure  loss c o e f f i c i e n t  t r i m  o r i f i c e  t o  condenser 

r a d i a t o r  pressure  l o s s  c o e f f i c i e n t ,  p s i  

pump pressure  rise c o e f f i c i e n t ,  psi/OF 

t r i m  o r i f i c e  pressure  loss c o e f f i c i e n t ,  p s i  

number of r ad id to r  flow tubes (equal flow and pressure  drop 

assumed i n  each tube) ,  n.d. 

The a n a l y s i s  of t he  lube-cooler  loop (subscr ip t  LC) is  r e s t r i c t e d  t o  

determining pump power requirements using the following equations: 

(16) QLc = W /L LC 1 

(Fig.  A - 1 2 ,  R e f .  2) 
2 

2 
( 1 7 )  QLc = L2 + L3QLc + L4QLc 

(Fig.  A-13, Ref. 2) (18) PFLC = L5 L6QLc - L7QLc 

Generally t h e  value of W w i l l  be a f ixed input quant i ty .  LG 

- 19- 
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B. Turbo-Alternator and Loads 

A schematic of the energy input and distribution of the output 
is divided TRM’ loads is shown in Figure 2. The alternator output power, q 

be tween : 

1) vehicle load 

2) power required to run cycle 

3) excess power dumped back into primary loop 

includes : 
PLR’ 

The power dumped back into the primary loop, q 

minimum parasitic load 

power required for speed control systems stability 

power in excess of vehicle load requirements (if any) 

qPLM 
QS 

Qex 
The power dissipated in running the cycle includes the input power to each 

of the loop pumps (q 

sc control system, q 

There are two different possibilities for the vehicle load: 

q and q ) plus the power dissipated in the N’ ‘H’ R LC 

LDS’ 
1) The vehicle load is specified as a fixed input quanaity, q 

and the excess power output, qex, is dumped into the primary loop. 

2) The vehicle load is not specified and is calculated from the 
cycle state points and performance curves. This case is obtained by 

setting q 

load, q is: 
= 0 .  The relation between specified load, eDs , and actual ex 

LD’ 
(19) qex = QLD - qLDS 

The expressions for q and Q are: PLR TRM 

Expressions for the loop pump power factors were obtained from the previously 

mentioned performance curves of Reference 2. 

the speed control system was obtained as a function of load from Figure 

A-16, Ref. 2, using the AGMLR data fitting code: 

The power factor, PFx, for 

- 20- 



where the  G ' s  are performance c o e f f i c i e n t s  ( input  q u a n t i t i e s ) .  

Then t h e  expressions f o r  t o t a l  KVA and o v e r a l l  a l t e r n a t o r  power f a c t o r ,  

PF,, are: 

(23) 

(24) 

where PFLD is the  

An expression f o r  

performance curve 

(25) 

where 

KVA r 

+ qH 4 1-PFH L + . . . 
pFH PFLO 

\I l-PFLi -1 1- PF; 
/ - 

power f a c t o r  f o r  the  vehic le  load. 

was obtained from 
-?AY 

the  a l t e r n a t o r  e f f i c i e n c y ,  

A-5 ,  Reference 2 ,  using the POLYFIT code: 

2 vA = G4 + G5Z1 - G7Z1 + G8Z2 + G10Z1Z2 - G11Z2 

Using the  d e f i n i t i o n  of  a l t e r n a t o r  e f f i c i ency :  

where q is the  tu rb ine  output  power T 

'BS 
is the  tu rb ine  bear ing and seal lo s ses  

- 21- 
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C. Expansion i n  t h e  Turbine 

The expression f o r  t h e  tu rb ine  e f f i c i e n c y ,  .-qT, was  obtained 

from the  performance curve A-4  ( r ev i sed )  Reference 2 ,  using POLYFIT t o  give: 

2 2 2  
G19 Z1 Z2 - G20Z22 + G21Z1Z22 - G22Z1 Z2 

where 

G12 = lOOF - z1 

Z2 = U/Co - G13 

U = t u rb ine  pe r iphe ra l  speed = .0223 N 
N = rpm = 12,000 

i s en  = t h e o r e t i c a l  spouting v e l o c i t y  - - d 2 g C  ' Ah 
CO 

(u/Cn) = 267.5 = 1.196 
v 

J2gc  Ahisen ' F4-h . 5 i sen  1 

is the enthalpy hgisen h i s  the  enthalpy (Btu/ lb)  a t  the tu rb ine  i n l e t  and 

a t  t h e  tu rb ine  exhaust f o r  a n  i s e n t r o p i c  expansion. 
4 

The vapor region enthalpy f o r  mercury ( ignoring pressure dependency) 

can be w r i t t e n  as a funct ion of temperature: 

(28) h4 = 130.25 + CPvT4 

The entropy of an i d e a l  gas  is: 

CPv An 

Using the  i d e a l  gas form and d a t a  from the Moll ier  diagram taken a t  1100 

and 1400°F and 14 and 280 p s i a ,  t h e  expression f o r  t he  entropy a t  the tu rb ine  

i n l e t  is : 

(29) S4 = .1177 - .0100 an + .0250 An T + 460 c4 1560 ) 
with S i n  Btu/lb-OR 

- 22- 
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From the d e f i n i t i o n  of t u rb ine  e f f i c i e n c y :  

(30) h5 = h4 - -r(T <h4 - h5 is) 

where h is t h e  t u r b i n e  exhaust enthalpy. For a real (i.e.,  non-isentropic) 

expansion. The tu rb ine  output  power is: 
5 

The state of the expanded mercury i n  the condensed region (under the 

dome) can be expressed as a funct ion of two thermodynamic v a r i a b l e s .  

Writing P = Fn (h, s), t h e  region of the Moll ier  c h a r t  between 85 and 100% 

q u a l i t y  and between 8 and 30 p s i a  w a s  f i t t e d  using POLYFIT t o  give: 

2 2 2  
i- G31Z22 G32Z1Z2 - G33Z1 '2 

where 

- 
' 4  - '5is 

where 

The p res su re  drop from the  tu rb ine  exhaust t o  the condenser i n l e t  i s :  

The mercury condenses a t  constant  temperature T u n t i l  the  s a t u r a t e d  liquid 6 
3 h6 SL S i s  reached and subcooling begins.  The sa tu ra t ed  l i q u i d  

enthalpy i s  a func t ion  of one thermodynamic va r i ab le :  

(34) 
= 3.286 An P + 12.14 f o r  8 < P6 < 30 

h6 SL 6 
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I 

For pressures  o u t s i d e  of t h i s  range a t h i r d  o r  fou r th  order  'polynomial 

w i l l  g ive  s u f f i c i e n t  accuracy. F i n a l l y  f o r  choked flow through t h e  f i r s t  

s t a g e  nozzle of t he  tu rb ine  (p.7, Ref. 2 ) :  

(35) P4 = 4- (1-F) WHT 

'13 

4 )  Energy Transfer  Between Components and Linking Equations 

For the  primary loop the  o v e r a l l  energy balance is: 

- - 
QPLR + QRX QLN + ~ B V  + QBL 

where 

= r e a c t o r  power, kw 

= power l o s s  i n  pipe between the r e a c t o r  and b o i l e r ,  kw 

= power t r a n s f e r r e d  ac ross  tk b o i l e r  i n  the superheat and 

qRx 

qLN 

'BV 
l a t e n t  heat  regions,  kw 

= power t r a n s f e r r e d  ac ross  the  b o i l e r  i n  t h e  preheat region,  kw. q~~ 

Writing t h i s  as f i v e  sepa ra t e  equations where the  temperature po in t s  a r e  

shown on Figure 1 , we have: 

(37) qRx = WNCPN (T - T  .)/3414 

(38) qLN = W N N  CP 

H G  

(TH-TA)/3414 

( 4 0 )  qBL = W CP (TB - TC )/3414 N N  

Using the  pinch po in t  d e f i n i t i o n  t o  connect the primary and the mercury loops: 

(41) AT = T - T  P B 2  

Combining the  mercury s i d e  b o i l e r  pressure drop and b o i l e r - t u r b i n e  pipe pressure 

l o s s  equat ions (pp 5-6, Ref. 2 )  we have: 

- 24- 



The H c o e f f i c i e n t s  i n  equation ( 4 2 )  represent :  

H 1 1 ,  Hl2, H 1 8 ,  and AT are def ined f o r  equation (10) 

H17 - pressure loss c o e f f i c i e n t  from b o i l e r  i n l e t  t o  s a t u r a t i o n  
P 

po in t  (i.e. pinch p o i n t ) .  

The po r t ion  of  t he  power from the mercury pump t h a t  i s  t ransmit ted t o  t h e  

mercury, q was  obtained by f i t t i n g  performance curve 8-16 ,  Reference 2: 
P S  

Writing the  energy balance equations 

i n  Figure 1, we have: 

between temperature po in t s  as shown 

T7) /3414 

where Ah ( T 2 )  = 132.15 - ,00825 T 2  = l a t e n t  heat  of vaporizat ion B t u / l b  
fg 

(47) qm = wH [(I-F)  (hcj h 6 s ~ )  +(hbSL - CPLT7) ] / 3 4 1 3  

( 4 8 )  QLH = WHCPv ( T 3  - T4) /3413  

where qw 

loop and r e j j c t e d  t o  space,  kw 

= power t r a n s f e r r e d  ac ross  the condenser to the k a t  r e j e c t i o n  

= power loss  i n  pipe between the b o i l e r  and the tu rb ine ,  kw 
~ L H  

- 25- 
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Empirical r e l a t i o n s  desc r ib ing  t h e  b o i l e r  and condenser performance are 

used t o  l i n k  t h e  mercury loop t o  t h e  primary and hea t  r e j e c t i o n  loops. 

Using the n o t a t i o n  of Figure 1: 

( 4 9 )  TJ = T6 - 10. 

where 0 -460  = s a t u r a t i o n  temp, F 

(50) TA = T3 + 20 

The o v e r a l l  energy balance f o r  the heat  r e j e c t i o n  loop is: 

BOLYFIT w a s  used t o  f i t  t he  r a d i a t o r  heat  r e j e c t i o n  performance curves 

(Figure A-6 and A-6' of Reference 2 i n  the form: 

NT 

2 2 2  - !&,Z12 - R8Z1 Z2 - €$Z1 Z2 

where 
Z1 TI - R. 10 

Z2 = TJ - R1l 

A d i f f e r e n t  se t  of t he  R c o e f f i c i e n t s  are used for each of t he  r a d i a t o r  

performance curves t o  represent  the sepa ra t e  curves f o r  the sun and shade 

cases e 

Using a n  empir ical  expression f o r  t he  condenser terminal temperature 

d i f f e rence :  

(53) Ti = T7-2 

Fina l ly ,  f o r  t he  s a t u r a t e d  mercury a t  t h e  pinch point :  

- 26- 
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&en the  i t e r a t i v e  s o l u t i o n  of t he  non-l inear  se t  of equat ions has converged, 

a d d i t i o n a l  non- i t e r a t ive  ca l cu la t ions  are performed t o  ob ta in  values  of 

temperature and pressure  a t  intermediate  po in t s  around the  var ious loops. 

These values  are then  displayed as output  on a schematic cyc le  diagram 

drawn by the  computer. 

Using Figure A-9 of  Reference 2, t h e  curve of required NPSH a t  the  

pump i n l e t  w a s  f i t t e d  with AGMLR. The pump i n l e t  p ressure  of t he  primary 

loop, PD, i s  

2 
(55) PD = [ NP1 - NP2QN + NP3QN ] N16 

where NP1, NP2 and NP 

Having determined P the  ca l cu la t ions  are continued around the  loop t o  D’ 
the  r eac to r  o u t l e t :  

are the c o e f f i c i e n t s  obtained from No. A - 9 ,  Ref. 2 .  3 

(56) PE = PD + NIGAHN = .3175 N1 6 

- CN (WN/41300) 2 

- N13 (WN/41300) 2 

(57) PF = PE 

N13 = 6.2 

N14 = 4.3 

(58) PG = PF 

(59) PH = PG - N14 ( WN/41300) 
2 

i s  t e s t ed  t o  see if the  minimum pressure  

I f  no t ,  PH i s  set  to:  
pH’ The r eac to r  o u t l e t  p ressure ,  

c r i t e r i o n  (Reference 2)  of 35 p s i  i s  m e t .  

where PSFN i s  a s a f e t y  f a c t o r  (an input quant i ty  typ ica l ly  3 .ps i )  and 

equat ions (58) through (55) are recomputed i n  reverse  order .  
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If the 35 psi minimum pressure criterion is satisfied, the primary 
loop pressure calculations are continued: 

(60) P A = PR - Nll (%/41300)2 Nll 2.2 

The pump inlet pressure of the heat rejection loop, PM, is: 

1- 
(62) pM = L Np4 - N P ~ Q ~  + N P ~ Q ~  ] c16 + PSFR 

4' where PSFR is a safety factor (an input quantity typically 5 psi) and NP 

NP and NP are available for use with a curve fit (currently they are set 

equal to the same values as NP 

'M9 

5 6 
NP2 and NP3, respectively. Having determined 1' 

the calculations are continued around the loop: 

(63) PN = PM + CI6 AHR C16 = .3525 

2 (64) Po = PN - CR (WR/38100) 

(65) PI = Po - C14 C14 = 2.6 

Cll = 4.0 2 
(66) Pg = PI - Cll (WR/39500) 

C12 = 4.6 2 
(67) PK 

(68) PL = PK - C15 (WR/39300)2 (130/NT)2 

= PJ - C12 (WR/38100) 

C15 = 18.8 

For the mercury loop: 

Hll = 10.0 2 
(69) P3 = P4 + Hll (WH/11750) 
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(72) T5 = G36 - 460 

G37 - RnP5 

- 460 - (73) T6 - G36 
G37 - an P6 

(74) Pg = P8 + HI6 AHHT 

It is also assumed that 

p7 

TJ 

- - 
'8 

- - 
TK 

TD - - TE = TC 

- = TN = TI TM 
- 

TL 

Finally, the overall cycle efficiency, CEF, and the net turbine work, 

QNET, are calculated: 

(75) CEF = 100 QLDS/QRX 
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Figure  3 

COMPUTER CODE FLOW CHART 
-- 

WRITE ERROR MESSAGE "REPEAT I 
OPTION OW T I T L E  C A m  
INCORRTCTLY S P E C I F I E D "  j I. 

CALL RFSUB AND RFNORM 
(CALCULATES NORM (1) ti RFMAX) 
T E S T  FOR CONVERGENCE 
IS RFMAXX ER? 

YES 

1 S E T  KK=1, CALL PARTL AND I 
CALCULATIONS - htRITE j 
RESULTS-READ INPUT DATA 1 

i CALL SoLF4 I 
(CALCULATES dxj aFi AND e j ' s  I 

I 

1 YES 

J, I*! HALVE c j ' s ,  I 
I SET TXJ = xj+ej  I 

L 
I f 

I L  -________ - 1 CALCULATE T X j  ' s 1 
<-A F 

I '.. ._ _-----I- --̂ __I__ _ -  - - 
I ' , TEST INNER LOOP COUNTER' I\io I (CALCULATES TNRM & RFMAX) 

CALL RFSUB AND RFNORM 

T E S T  NORMS i . e . ,  
I S  TNRM > NORM (K)?  

+ Y&, I KK, I S  KK >5? I /, YES 
I 

NO 
- -- 

I 
I WRITE ERR9R MESSAGE I 

i 

8 "HALVING LOOP EXCEEDS 5" 
L_ ---- -- - _- -- - ---r 

READ INPUT DATA 

I 1 S E T  X i  T X j  I N C R J 2 M E N T J  r--- 
T E S T  ITERATION LOOP COUNTER K 
I S  K > K MAX? 

I 

READ INPUT DATA 
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